In practical engineering, pipeline vibration is often not caused by a single factor but by a combination of many factors. A fluidstructure coupling method is proposed in this paper and used to study the vibration of the compressor pipeline under the interaction of pipeline structure and airflow in it. e method is based on structured grids, so that the displacements of grid nodes can be calculated accurately at each time step. e results of transient calculation show that when the given inlet mass flow rate is constant and there is no other disturbance, the pressure fluctuation and the vibration of pipeline structure will occur by using fluid-structure coupling, and the vibration frequencies are consistent with the third-and fifth-order structural natural frequencies.
Introduction
Compressor pipeline vibration is a hidden danger that cannot be ignored for safe production of factories. Strong pipeline vibration affects the normal operation of devices and causes great harm. Many studies have been done on the vibration of compressor pipeline. ey are mainly divided into three aspects.
Firstly, it is the study of airflow pulsation in the pipeline. e vibration of the compressor pipeline encountered in production is mostly caused by air pulsation, especially in reciprocating compressor. Reciprocating compressor is characterized by intermittent and periodic suction and exhaust, and thus it will stimulate the inlet and outlet of the pipeline to produce intense air pulsation, which has a serious impact on the performance and work. Only by thoroughly studying the mechanism of airflow pulsation, establishing a reasonable analysis model of airflow pulsation, accurately predicting the airflow pulsation in the compressor pipeline system, and reasonably designing the structural parameters of the pipeline, can the airflow pulsation and its influence be controlled in the minimum range. Skudrzyk [1] , in order to study the fluid characteristics in the pipeline, used the plane wave theory to study the dynamic characteristics of the gas column. Hayama et al. [2] revised the assumption of plane wave theory of pipeline in resonance zone, which greatly reduced the relative error of the revised calculation results and basically met the design requirements of practical engineering. Maclaren et al. [3] , considering environmental factors, proposed conservative and characteristic equations with more perfect mathematical models and more accurate calculation methods, which were suitable for one-dimensional unsteady flow and more close to the actual flow of gas in the pipeline. Durant et al. [4] carried out vibration measurement induced by airflow in a straight pipe and obtained the spectral density curve of air pulsation at different Mach numbers; the velocity spectral density of vibration and the sound pressure value radiated outward. In addition, the API Standard 618 of American Petroleum Institute specifies the design criteria of gas flow pulsation and pipeline vibration for reciprocating compressors used in the petrochemical industry.
Secondly, the dynamic characteristics and dynamic responses of pipeline structures are analyzed and studied. Practice shows that even though the airflow fluctuation in the pipeline has been controlled within a very small range, mechanical resonance can still be caused by the unreasonable design of the pipeline structure, resulting in strong vibration of the pipeline. erefore, the structural dynamic characteristics of the pipeline must be carefully studied. Païdoussis and Issid [5] regarded the pipeline as a beam model and derived the motion equation. After considering the pipeline as a beam model, Rayleign method, Dunkerley method, Ritz method, and Galerkin method can be used to solve the low-order structural natural frequencies of simple pipeline. For pipelines with complex spatial structures, the low-order structural natural frequencies can be solved by the finite element method, transfer matrix method, and impedance analysis method [6] . Irie et al. [7] used the Timshenko beam model to derive the transfer matrix method for vibration and stability of conveying fluid pipeline. Lesmez et al. [8] had done pioneering work on the transfer matrix method for vibration of the space pipeline system. In the process of derivation, the method of separating variables is used, and the eigenvalue is included in the final characteristic matrix of the pipeline system.
Finally, the fluid-structure coupling vibration of the pipeline is studied. e fluid flow in the pipeline will lead to the vibration of the pipeline structure, and the vibration of the pipeline structure will in turn affect the motion state of the fluid in the pipeline. erefore, coupling vibration between fluid and structure is produced in the pipeline. e fluid-structure coupling vibration has a great impact on the dynamic characteristics of the pipeline. Wiggert et al. [9, 10] established 4-equation model and 14-equation model for the study of fluid-structure interaction vibration of straight pipes. Erath et al. [11] studied the effect of water hammer with fluid-structure interaction on the vibration response and characteristics of pipe systems. Tijsseling and Lavooij [12] used the characteristic line method to analyze the dynamic response of the pipeline system under the action of the water hammer. e characteristic line method is suitable for the simple pipeline system. However, for the complex pipeline system, the finite element method has high accuracy and efficiency. Sreejith et al. [13] used the finite element method to analyze the fluid-structure coupling dynamic response of pipeline under variable velocity. Pittard et al. [14] used FLUENT software to establish a large eddy model and studied the influence of fluid pressure fluctuation on pipeline vibration characteristics. Menter et al. [15] used ANSYS MFX fluid-structure multiphysical field coupling scheme based on elastic dynamic mesh deformation technology to calculate the finite length elastic tube. e calculated vibration pattern and the discharge of the lagging vortices of the elastic tube agreed well with the theoretical structure. In addition, many experiments have been carried out to revise and validate the fluid-structure coupling theory. Vardy et al. [16] [17] [18] studied the coupled vibration of branched pipes, valves, 90 degree curved pipes, and single-elbow pipe systems by means of experiments. Ziada et al. [19] carried out an experimental comparative study on the fluid-acoustic coupling theory of T-shaped pipes. Duan et al. [20] used experiments to study Y-shaped pipes similar to T-shaped pipes, found the gas-solid twophase flow law in this type of pipes, and obtained valuable experimental data. e purpose of this paper is to study the vibration of the compressor pipeline under the interaction of pipeline structure and airflow by using a proposed fluid-structure coupling method and then to verify the effectiveness of this method by comparing with experimental results.
Fluid-Structure Coupling Method
To simulate the transient calculation of pipeline vibration, a fluid-structure coupling method combining three-dimensional transient flow field simulation with structural dynamic calculation is proposed. Transient flow field simulation is solved with the mesh movement method. e motion equation used in structural dynamic calculation adopts the modal order reduction method. e data exchange between fluid dynamics and structural dynamics is realized by data files, which makes quasicoupling calculation possible. e fluid-structure coupling is described by the weak coupling method.
is means that the fluid and structural equations are computed in every time step, and the data transferred at the fluid-structural interface are used as the boundary condition of the two domains. One advantage of the weak coupling method is to make full use of the mature computational fluid dynamics (CFD) software without rewriting the code. e flow chart of fluid-structure coupling transient calculation for pipeline vibration is shown in Figure 1 . e transient flow field of pipeline is simulated by FLUENT software. e fluid forces are obtained by integrating the fluid pressures through the application of userdefined function (UDF). With the fluid boundary condition transferred to a data file, the displacement is obtained by solving the motion equation. After the structural boundary condition is transferred to the data file, the CFD code is then applied to update the grid position based on the proposed mesh movement method.
is iterative procedure is repeated until the vibration curve is stable.
Modal Order Reduction.
Modal order reduction is to replace the original complex high-order system model with a low-order model which can maintain the main characteristics of the original system. It is required that the results of the low-order model can be close to those of the original system. e motion equation of the pipeline system is
where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {q} is the vector of degrees of freedom, and {f} is the external excitation vector. Because the low-frequency vibration of pipeline is studied in this paper and the influence of higher than the fifth natural frequency on the vibration of pipeline is small, the first five modes of pipeline system are mainly considered. According to the modal order reduction, the structural motion equation of the pipeline can be simplified as follows:
where M 1 , M 2 , M 3 , M 4 , and M 5 are the first five modal masses, C 1 , C 2 , C 3 , C 4 , and C 5 are the first five modal damping, K 1 , K 2 , K 3 , K 4 , and K 5 are the first five modal stiffness, η is the modal generalized coordinate, and F f is the force acting on the pipeline, and the coordinates of action point are x f , y f , and z f . φ 1 , φ 2 , φ 3 , φ 4 , and φ 5 are the first five modes. e displacement of each point in the pipeline can be obtained by the inverse transformation of the modal generalized coordinate, and its expression is as follows: movement of the pipe, dynamic mesh updating will be a difficult problem. Without proper movement of grid nodes, the calculation of transient flow field cannot be carried out. erefore, a reliable dynamic mesh method is needed to model the flow in which the shape of the region varies with time.
Studied Model.
e experimental apparatus of a piston air compressor piping system is shown in Figure 2 . e discharge volume of the air compressor is 10 m 3 /min, and the rated pressure is 0.8 MPa. ere is an air storage tank at the outlet of the compressor to make the air supply more stable. e connection between the pipe and the supporting structure constrains the translations of the pipe, but the rotations are not fully constrained.
e pipeline system consists of a main pipe and a branch pipe, and the end of the branch pipe is closed. e geometry of the computational model and the distribution of measuring points (MP) are shown in Figure 3 . All the cross sections of the main and branch pipes are circular with nominal diameters D m and D b of 65 mm. e standard k-epsilon model is used to describe the fluid flow in pipeline. Compressed air supplied to the measuring pipeline by the piston compressor is used as a fluid. e compressibility factor is calculated to be about 0.988. Since it is close to 1, the medium can be regarded as ideal gas. e inlet boundary condition is set to mass-flowinlet, and the outlet boundary condition is set to pressureoutlet.
e pressure-velocity coupling is treated with the SIMPLE scheme, and the terms in the solution equations are discretized by the second-order upwind scheme. e hybrid initialization method is used when t � 0 second. e time step size is 0.001 second and the time stepping method is fixed. e computational time is 8 seconds, and the pressurebased solver is chosen for the present analysis.
Fluid Region Division.
e pipeline system includes a straight pipe, tee junction, and elbow. eir mesh sizes are different, and the rules of mesh node movement are also different. Based on the above considerations, the fluid region is divided into six parts, which are shown in Figure 4 . ese parts are numbered #0∼#6. Figure 5 shows the XY plane of region #1. Node K represents the initial position of any node in region #1, and node K′ represents the current position of node K after the grid moves. Region #1 is regarded as a slender beam, and its cross section remains flat after deformation. In the initial state, the cross section number of each node in region #1 is given, and the calculation of cumulative displacement of each node is set up when the grid moves. In the current state, the coordinates of node K′ are read, and the coordinates of the initial position K are calculated according to the accumulated displacement.
Grid Motion.
en, the number of the cross sections is queried by the coordinates, and the displacement corresponding to the next time step is allocated to node K′ to complete the update of the motion. e grid motion algorithm developed for region #1 applies to region #3, region #4, and region #6.
Region #2 can be considered as a rigid body, and all its nodes move with the center node as a whole.
Region #5 is divided into several subdomains. Figure 6 shows the XY plane of region #5. Node P represents the initial position of any node in region #5, and node P′ represents the current position of node P after the grid moves. In the initial state, the coordinates of the center of the circle O are recorded, the cross section of each node in the region 5 is numbered, and the calculation of the cumulative displacement of each node is set up when the grid moves. In the current state, the coordinates of the center of the circle O′ are calculated according to the cumulative displacement. Read the coordinates of node P′, calculate its azimuth angle α′, and judge its cross section number according to the azimuth angle. en, the cumulative displacement is inquired according to the number, and the coordinates of the initial position P are obtained. en, the initial azimuth angle α of the node is calculated by using the coordinates of node P and center O, and the initial cross section number and corresponding displacement of the next time step are obtained. e displacement is allocated to node P′ to update the motion.
Mesh Updating Process.
e process of mesh updating at the current time requires the following steps: During the mesh updating process, the total number and topological relationship of the grid nodes remain unchanged. After all nodes are looped over at the current time, their coordinates are all known and can be calculated accurately at the next time. erefore, mesh updating moves in an orderly and controllable direction. Even after tens of thousands of times of movement, the mesh after updating can still maintain high quality, thus ensuring the smooth operation of transient flow field calculation.
Numerical Results

Determination of Plane Wave Acoustic Frequency.
A pulse excitation test was carried out to determine the plane wave acoustic frequencies of the pipeline. e magnitude and duration of the pulse excitation are as follows: from 0.01 s to 0.02 s, the mass flow rate is 0.4 kg/s; at other times, the mass flow rate is 0.2 kg/s. e test was completed without fluid-structure coupling, and the fluid domain remained stationary. e code of pulse excitation was imported into the inlet boundary condition through UDF. e time-domain waveform under excitation is shown in Figure 7 (a), and the corresponding spectrum is shown in Figure 7 (b). Figure 7 (a) is a decaying pulse response curve. Damping is caused by flow resistance and friction between gas molecules. It can be seen from the spectrum that the first three acoustic frequencies of plane wave are 8.25 Hz, 27.5 Hz, and 33.0 Hz, respectively.
Interaction between Structural Natural Frequency and
Plane Wave Acoustic Frequency. To study the interaction between structure natural frequencies and plane wave acoustic frequencies of the pipeline, seven cases are selected. In these seven cases, only the values of modulus of elasticity have been changed to ensure that their mode shapes are the same, which is convenient for the following study. e structural natural frequencies of these seven cases are listed in Table 1 . e reasons for choosing these seven cases are as follows. Firstly, the acoustic frequencies of the pipeline are obtained by the pulse excitation method. en, Case 5 is Shock and Vibration selected to make its first-order structural natural frequency close to the first-order acoustic frequency; Case 1 is selected to make its second-order structural natural frequency close to the first-order acoustic frequency; Case 3 is selected to make its fourth-order structural natural frequency close to the frequency doubling of the first-order acoustic frequency; Case 7 is selected to make its fourth-order structural natural frequency close to the second-order acoustic frequencies, while ensuring that all frequencies are in the low-frequency range (below 40 Hz). Finally, considering the continuity of the research data, Cases 2, 4, and 6 are supplemented. rough these seven cases, the potential relationship between structural natural frequencies and acoustic frequencies is explored. e corresponding first five order mode shapes are shown in Figure 8 . e first-and fourth-order mode shapes are on the YZ plane, and the second, third, and fifth-order mode shapes are on the XY plane.
Based on the fluid-structure coupling method of pipeline vibration mentioned in this paper, the transient calculation under these seven cases is carried out, respectively. e calculation results of MP4 in Case 5 are shown in Figure 9 . From Figure 9 (a), it can be seen that the pressure oscillation is maintained. is is due to fluid-structure coupling. When initializing, the given initial condition is not the value of the steady state, so there will be a transient response process. In this process, the pressure fluctuation of the fluid in the pipe will lead to the vibration of the pipeline structure, and the vibration of the pipeline structure will in turn affect the motion of the fluid in the pipe. is results in a continuous excitation, in which the vibration of some frequency components (Figure 9(c) ) is stimulated. erefore, the pressure oscillation can be maintained in the final steady state. As can be seen from Figure 9 (b), there are three frequency components: 8.25 Hz, 17.0 Hz, and 28.5 Hz. However, from Figure 9 (c), it can be seen that as time goes on, the frequency of 8.25 Hz is attenuated, and finally only two frequency components are consistent with the third-and fifth-order structural natural frequencies of Case 5. is is because the vibration displacement direction of the two structural natural frequencies coincides with the direction of the force formed by the pressure wave on the pipe wall, thus stimulating the vibration of the pipe.
It is noteworthy that the vibration displacement direction of the second-order structural natural frequency is also the same as the direction of the force formed by the pressure wave, but it is not stimulated in Figure 9 (b). In order to study this phenomenon, the pressure difference of the branch pipe in X and Y directions is calculated, respectively. As can be seen from Figure 10 , the pressure difference in the y direction is much larger than that in the x direction. Moreover, as can be seen from Figure 8 , the vibration of the second-order structural natural frequency is in the x direction of the branch pipe, the vibration of the thirdorder structural natural frequency is mainly in the y direction of the main pipe and a little in the y-direction of the branch pipe, and the vibration of the fifth-order structural natural frequency is mainly in the y-direction of the branch Shock and Vibration pipe. erefore, the vibration of the fifth-order structural natural frequency is larger. e analysis process of other cases is the same as above. In order to avoid redundancy, the figures of their calculation results are no longer presented in the paper. Table 2 shows the peak-peak value and main frequency components of pipeline vibration in these seven cases under fluid-structure interaction. It can be seen from the table that, in any case, the frequency components of pipeline vibration are consistent with the third-and fifth-order structural natural frequencies.
Although the first-order structural natural frequency is generally considered to be the easiest to be stimulated, it is not excited after steady state because the resultant force of pressure wave acting on the z-direction of the pipe wall is 0. In addition, when the vibration frequency is close to the plane wave acoustic frequency, the amplitude of the vibration increases, and when the vibration frequency is far away from the plane wave acoustic frequency, the amplitude of the vibration decreases significantly.
Effect of Different Pressures in Pipe.
In order to study the effect of pressure on pipeline vibration under fluid-structure interaction, the vibration of pipeline was calculated under four different pressures. e results are shown in Figure 11 . It can be seen from the figure that the greater the pressure in the pipe, the more vibration the pipe will be aroused. Moreover, in the case of nonresonance, stable inlet flow, and no external disturbance, this phenomenon also occurs. e reason is that when the pressure wave encounters the closed branch, it will produce a great impact force, which will lead to strong vibration of the pipeline structure. Figure 8 : First five order mode shapes of the pipeline structure: (a) first-order mode shape, (b) second-order mode shape, (c) third-order mode shape, (d) fourth-order mode shape, and (e) fifth-order mode shape.
Influences on Distant Downstream Pipeline.
e pressure fluctuations downstream of the pipeline with and without fluid-structure coupling are given in Figure 12 . It is not difficult to see that pipeline vibration has no effect on the downstream without fluid-structure coupling, but in the case of fluid-structure coupling, the vibration will propagate downstream. When there are tee junctions, elbows, and closed valves, it will form an exciting force in a certain direction to stimulate the vibration there.
Experimental Results
Vibration velocity sensors and pressure sensors were arranged in the measuring pipeline, and the measuring points are shown in Figure 3 . Vibration signals from the vibration velocity sensors and pressure signals from the pressure sensors were recorded on PC data acquisition software by using a data acquisition board. e schematic of measuring system is shown in Figure 13 . e sampling frequency was 1000 Hz, and the sampling time was 8 s. e time-domain data were transformed into the frequencydomain data by fast-Fourier transform (FFT).
Determination of Structural Natural
Frequencies. An excitation test was carried out to determine structural natural frequencies of the pipeline. A force hammer is used to strike the pipeline quickly, which is equivalent to a pulse excitation to the pipeline structure. Although the magnitude and duration of the excitation are unknown, it does not affect the acquisition of structural natural frequencies. ey can be obtained by spectrum analysis of the measured vibration signals under excitation. e time-domain waveform of MP1 under excitation is shown in Figure 14 (a), and the corresponding spectrum is shown in Figure 14 (b). It can be seen from the spectrum that there is a strongly dominant frequency of 15.1 Hz, which is a certain order structural natural frequency. Using the same method, excitation tests were also carried out at other measuring points. In order to avoid redundancy, the figures of excitation test results at other measuring points are no longer given in the paper. Table 3 shows the structural natural frequencies measured at all measuring points. As can be seen from Table 3 , the first five structural natural frequencies of the pipeline system are 4.6 Hz, 8.4 Hz, 15.1 Hz, 21.4 Hz, and 25.9 Hz, respectively.
Vibration Comparison under Different Pressures.
Vibration measurements under six different pipeline pressures were carried out. e six kinds of pipeline pressure are 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4 MPa, 0.5 MPa, and 0.56 MPa, respectively. Vibration data are obtained and analyzed at each measuring point under each kind of pipeline pressure. Figure 15 shows the time-domain waveform and spectrum of MP4 at a pressure of 0.2 MPa. As can be seen from Figure 15(b) , the main frequency components are 16.5 Hz and 24.9 Hz. By comparing them with the structural natural frequencies described in Section 4.1, it can be seen that they are consistent with the third-and fifth-order structural natural frequencies. In addition, by comparing the time histories of experimental measurement and numerical calculation, it can be seen that Figure 9 (a) has a transient response process, while Figure 15 (a) does not. e reasons are as follows. In numerical calculation, the initial condition given for initialization is not the value of the steady state, so there will be a transient response process. In this process, the pressure fluctuation of the fluid in the pipe will lead to the vibration of the pipeline structure, and the vibration of the pipeline structure will in turn affect the motion of the fluid in the pipe. Vibration that is inconsistent with the direction of the force generated by the pressure wave will attenuate to 0, and vibration that is consistent with the direction of the force generated by the pressure wave will maintain and tend to oscillate stably. However, in the experiment, the vibration measurement is carried out after the compressor is opened and operated for a period of time, so there is no transient process. e steady-state experiment is similar to the steadystate oscillation process after 3 seconds in Figure 9 (a). It should be noted that the experiment results also contain noise signals. is steady-state oscillation process also needs to be solved by the transient solution method. e purpose of this paper is to study the fluid-structure coupling vibration of the pipeline under steady oscillatory state. erefore, by comparing the experimental results with the numerical results under steady oscillatory state, it can be seen that the vibration frequencies are consistent with the third-and fifth-order structural natural frequencies. Table 4 shows the peak-peak value and main frequency components of MP4 under different pressures. It can be seen from the table that no matter how much pipe pressure is, the frequencies of pipeline vibration are the structural natural frequencies, which is consistent with the results of numerical calculation in Section 3.2. Furthermore, the higher the pipe pressure, the greater the vibration, which is in agreement with the results of numerical calculation in Section 3.3. e same conclusions are reached at other measuring points.
Conclusions
(1) e fluid-structure coupling method proposed is reasonable and reliable by comparing numerical results with experimental results and can be applied to engineering. (2) rough the fluid-structure coupling calculation, it is found that the pressure fluctuation and the vibration of pipeline structure will occur when the inlet flow is stable and there is no external disturbance. e vibration frequencies are consistent with the third-and fifth-order structural natural frequencies, and the first-order structural natural frequency is not excited due to the direction of force. (3) e higher the pressure in the pipe, the greater the fluid-structure coupling vibration. It is useless to add accumulators in the high-pressure pipeline. Although the inlet flow is steady, there will still be vibration in the pipeline.
(4) e fluid-structure coupling vibration not only occurs in the studied pipeline but also propagates to distant downstream pipeline. When there are tee junctions, elbows, and closed valves, it will form an exciting force in a certain direction to stimulate the vibration there.
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